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a b s t r a c t 
A new inverse method was developed to derive the plastic ﬂow properties of non-standard disk ten- 
sile specimens, which were so designed to ﬁt irradiation rods used for spallation irradiations in SINQ 
(Schweizer Spallations Neutronen Quelle) target at Paul Scherrer Institute. The inverse method, which 
makes use of MATLAB and the ﬁnite element code ABAQUS, is based upon the reconstruction of the 
load-displacement curve by a succession of connected small linear segments. To do so, the experimental 
engineering stress/strain curve is divided into an elastic and a plastic section, and the plastic section is 
further divided into small segments. Each segment is then used to determine an associated pair of true 
stress/plastic strain values, representing the constitutive behavior. The main advantage of the method is 
that it does not rely on a hypothetic analytical expression of the constitutive behavior. To account for the 
stress/strain gradients that develop in the non-standard specimen, the stress and strain were weighted 
over the volume of the deforming elements. The method was validated with tensile tests carried out at 
room temperature on non-standard ﬂat disk tensile specimens as well as on standard cylindrical spec- 
imens made of the reduced-activation tempered martensitic steel Eurofer97. While both specimen ge- 
ometries presented a signiﬁcant difference in terms of deformation localization during necking, the same 
true stress/strain curve was deduced from the inverse method. The potential and usefulness of the inverse 
method is outlined for irradiated materials that suffer from a large uniform elongation reduction. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 


































The determination of the tensile properties is of primary im-
ortance in the assessment of the overall mechanical properties
egradation of materials induced by neutron irradiation. The most
esirable way to measure those properties is evidently with stan-
ard tensile specimens, which guarantee a uniform uniaxial stress
nd deformation state within the gage section and allow an easy
etermination of yield stress and post-yield behavior. The stan-
ard specimens are usually relatively large and, as such, are not
eally optimized for irradiations. Over the last decades, there has
een a sustained effort to developed small specimen test tech-
iques (SSTT) to measure not only the tensile properties but all
he mechanical and physical properties of a broad range of materi-
ls under neutron irradiation [1,2] . The main underlying reasons to
evelop SSTT are the following. First, the volume of most irradia-∗ Corresponding author:. 
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non-standard tensile specimens of Eurofer97 steel, Nuclear Materials aion facilities is limited. Reducing the size of the specimens is the
ost straightforward option to increase the number of data that
an be obtained in a given irradiation volume. Second, some irra-
iation facilities, such as the spallation neutron source SINQ [3] at
aul Scherrer Institute or the planned International Fusion Mate-
ials Irradiation Facility (IFMIF) [4] , are characterized by a strong
nisotropic neutron ﬂux. The advantage of using small specimens
s to minimize the effects of neutron gradient and associated dose
nd irradiation temperature gradients through the specimen thick-
ess or length. Third, the handling of big specimens with high
esidual radioactivity is diﬃcult and cumbersome in hot cells, so
hat a direct handling of small specimens with low activity is
referable. Furthermore, the minimization of the specimen is of-
en accompanied by the use of exotic specimen geometry as it is
he case in this work. 
The development of fusion reactor materials requires the qual-
ﬁcation of irradiated materials in irradiation environments that
re as close as possible to that resulting from deuterium-tritium
usion reactions in terms of neutron and damage spectrum andnder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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aimpurities production. Since there is currently no intense fusion
neutron source available, different options have been considered
to approach the fusion irradiation conditions [5] and the use of
spallation neutron sources is one of them. The irradiation damages
produced with spallation facility arise from a mix of neutrons and
protons with high energy, which induces a very large transmu-
tation rate. For instance, the helium production per dpa at SINQ
spallation facility is about 70 He appm/dpa [6] , which is signiﬁ-
cantly larger than the 10 He appm/dpa expected on the ﬁrst wall
DEMO [5] . While the intrinsic production of impurities is a source
of concern, spallation irradiations constitute a great opportunity to
investigate the resistance and response of materials to irradiation
conditions that are largely unexplored. The design of SINQ target
consists of 11 mm diameter stainless tubes and some of them are
ﬁlled with specimens. The irradiation temperature of the speci-
mens irradiated in SINQ results essentially from the proton beam
heating, which unfortunately induces temperature ﬂuctuations
on the specimens. To minimize the temperature variations along
the centerline of the specimens, their geometry was designed to
promote the heat transfer along the radial direction. Thus, the
exotic geometry of the so called disk tensile specimens (DTS) used
in this work (see below) results from that consideration. 
A related diﬃculty with exotic geometry resides in the fact the
constitutive behavior, or equivalently the true stress-strain curve
cannot be obtained in a straightforward procedure due to the inho-
mogeneity of the stresses and strains along the gage length. To ex-
tract the constitutive behavior from non-standard specimens, one
has to rely on modeling. For instance, an inverse method based
on a ﬁnite element (FE) model can be used for that purpose. In
stress analysis studies, the material elastic and plastic properties
are usually known and used as input parameters for FE simula-
tions, along with others boundaries and initial conditions. The out-
put consists of calculated stress and strain ﬁelds as well as re-
action forces F and/or displacements d . An inverse approach uses
the opposite direction as this conventional way, i.e., it determines
the elastic and plastic properties of the material to use as input
for the FE model to reconstruct the measured forces and displace-
ments, e.g. [7] . There are several options to implement an inverse
approach. One can adjust the different parameters of a given con-
stitutive equation to ﬁt the measured material behavior or one can
reconstruct the constitutive equation in a piece-wise manner by
connected small linear segments. Using an analytical expression
has the advantage of low computational cost but requires the abil-
ity to describe the material by a functional law like Hollomon’s or
Ludwig’s law. An analytical expression for the tempered marten-
sitic was already proposed [8] but such laws are not always well
established for technical alloys and are a priori not known for ma-
terials after irradiation. Therefore, the advantage of reconstructing
the constitutive behavior by segments is that it is applicable to a
large class of materials without doing any assumptions on the pos-
sible analytical expression of constitutive law. 
In this paper an ad-hoc inverse approach to determine the elas-
tic and plastic ﬂow properties of DTS used for irradiation at SINQ
is presented. 
2. Material, experimental procedures and ﬁnite element model 
The reduced activation tempered martensitic steel Eurofer97
was investigated in this work. This steel is the reference material
for the test blanket modules of ITER (International Thermonuclear
Experimental Reactor) and contains (wt.%): 9% Cr, 1% W, 0.2% V,
0.14% Ta and 0.12% C. The geometry and size of the used disk tensile
specimen is shown in Fig. 1 (a)). The nominal gage length l 0 and
cross section A 0 of the DTS are respectively 2.06 mm and 1.03 mm 
2 .
As mentioned above, this circular geometry was so designed to ﬁt
the specimen on the radial plane of irradiation tube for SINQ ir-Please cite this article as: S. Knitel et al., An inverse method based on
non-standard tensile specimens of Eurofer97 steel, Nuclear Materials aadiation. All specimens were manufactured by electro-discharge
achining. A special gripping system was developed to clamp the
pecimen and that guaranteed a proper alignment of the DTS. The
rips have a 0.3 mm deep recess that enables a pure clamping of
he 0.5 mm thick specimen and that at the same time prevents
he specimen from slipping. The gripping system and the posi-
ion of the specimen in the recesses can be seen in Fig. 2 . The
pacing between the grip brackets is the extended gage length
see Fig. 1 (b)) equal to 2.98 mm and matches with the bound-
ry conditions of the FE simulation. The 3D FE model of DTS was
uilt in ABAQUS/CAE 6.14–1 and contains 32,880 linear hexahe-
ral elements of type C3D8R. To catch the strain gradient prop-
rly in the shoulder region and during necking, a ﬁne mesh in
he extended gage length was used. For the material deﬁnition, the
oung’s modulus E and the Poisson’s ratio ν equal to 0.3 are given
or the elastic properties and a rate independent isotropic harden-
ng behavior was chosen for the plastic ones. The loading of the
pecimen is performed in a similar way to the experiment, where
ne specimen head is clamped and displaced as a whole, while the
ther head is clamped but remained ﬁxed. A reference point was
sed to obtain the resulting reaction force in the model. 
For comparison, standard round tensile specimens with a 5 mm
iameter and a 25 mm gage length were also tested (see Fig. 3 ).
he tensile tests were conducted at room temperature with a
chenck RMC100 machine at constant displacement rates. For the
tandard specimens, the strain was measured with a clip-on ex-
ensometer, while the machine cross-head displacement was used
o determine the elongation of the DTS, after correcting for the
achine-compliance displacement. In the following, the engineer-
ng stress and strain are represented by s and e , and the true stress,
rue strain and plastic true strain by σ , ɛ and ɛ p . 
. Inverse ﬁnite element procedure 
As mentioned above, the aim of the inverse method is to it-
ratively determine the true stress-strain curve to be used in the
E model to reconstruct the experimental loads and displacements
easured on non-standard specimens. In our case, the previous
tatement means that the calculated and experimental DTS load-
isplacement curves have to match. If a good agreement is found
he material properties are considered determined, but the accu-
acy depends signiﬁcantly on the used implementation method.
 piece-wise linear reconstruction of the material parameters was
hosen. 
The inverse piece-wise determination of the true stress-strain
urve was performed by considering three different regions of the
oad-displacement curve of the DTS deformations: 
• Region I: Elastic deformation. 
• Region II: Plastic deformation up to maximum load and necking
onset. 
• Region III: Necking to failure. 
For ABAQUS FE simulations, the elastic and plastic material
roperties have to be given as input. In the case of isotropic ma-
erial like Eurofer97, the elastic properties are fully characterized
y two elastic constants. In the region I, the Young’s modulus was
etermined by ﬁtting while the Poisson’s ratio was taken as a con-
tant equal. The plastic ﬂow properties were inferred from region II
nd III, where extensive plasticity occurs. Note that the implemen-
ation of isotropic hardening in ABAQUS is simply given by the true
ow stress as a function of plastic strain in a tabular form. In other
ords, the ﬂow properties are represents by means of true stress
nd plastic strain pairs. 
To start the inverse algorithm, the following initial data are
equired: (i) the experimental engineering stress/strain curve, (ii)
n estimate of the Young’s modulus E and proportional limit σ 0 
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Fig. 1. (a) Sketch of the DTS specimen in mm; (b) FE model with the deﬁnition of the so-called nominal gage length l 0 and extended gage length l ext , the clamped areas are 
also indicated. The equivalent plastic strain (PEEQ) corresponds to a nominal tensile stress of 550 MPa. 
Fig. 2. Left: Disk tensile specimen holder; Right: zoom in the clamping areas, showing how the specimen heads lie in the two recesses. 










































v  nd (iii) the ABAQUS input ﬁle describing the specimen with the
oundary and loading conditions. In the following, the piece-wise
rocedure of the algorithm is described. Even if the goal is to re-
onstruct the experimental load-displacement (P − d) curve of the
TS, for convenience, we have normalized P and d by the initial
pecimen cross-section A 0 and length l 0 . Thus the experimental
nd simulated data are represented by the engineering stress and
ngineering strain by Eqs. (1) and (2) respectively: 
 
exp = P exp /A 0 e exp = d exp /l 0 (1) 
 
sim = P sim /A 0 e sim = d sim /l 0 (2) 
Region I: As mentioned above, for isotropic materials only two
lastic constants are necessary to characterize the elastic proper-
ies completely. In this work, the Poisson’s ratio ν was taken equal
o 0.3, in agreement with the experimental determination on aPlease cite this article as: S. Knitel et al., An inverse method based on
non-standard tensile specimens of Eurofer97 steel, Nuclear Materials aimilar tempered martensitic steel [9] . On the contrary the Young’s
odulus E was determined with the inverse method. The exper-




ned at the point of the experimental curve where the linearity
etween s exp and e exp is lost (see Fig. 4 - left). This point is deﬁned





= d el / l 0 ) . In an iterative manner, the region I
f the ( s sim − e sim ) curve is generated by adjusting the value of the
oung’s modulus until the following criterion is met: 
s = 
∣
∣s sim 0 − s exp 0 
∣
∣ ≤ α (3) 
here s sim 
0 
corresponds to the simulated engineering stress at d el 
nd α determines the maximum allowable error. So, at the end of
he ﬁtting in region I, one has adjusted the Young’s modulus to de-
ermine s sim 
0 
, which is ﬁnally converted into σ sim 
0 
. The algorithm for
econstruction of the true stress-strain curve in the region II can
hen start. It is important to note here that a direct determination
f the Young’s modulus from the engineering stress/strain curve of
he DTS specimen is not possible, because from the very beginning
f the loading the stress state in the specimen is not homogenous
nd a signiﬁcant amount of deformation takes place in the speci-
en shoulders. Hence the slope of linear loading represents only
n apparent elastic modulus but not the Young’s modulus. 
Region II: The experimental engineering stress/strain curve is
ow divided into n small segments, each of them corresponds to
 constant displacement increment d inc in the load/displacement
urve, which of course causes an increment of plastic deformation.
or each increment, a corresponding pair of true stress – true plas-
ic strain values can be determined. For the sake of clarity, one pro-
ides hereafter the details of the algorithm for the ﬁrst increment. ﬁnite element model to derive the plastic ﬂow properties from 
nd Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.06.017 
4 S. Knitel et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–6 
ARTICLE IN PRESS 
JID: NME [m5G; July 19, 2016;13:19 ] 









































































t  The FE model is updated by imposing a total displacement such as
d 1 = d el + d inc , and by considering a constitutive behavior with a
proportional limit equal to σ sim 
0 
(known from the ﬁtting of region
1), followed by plastic behavior characterized by a strain hardening
K 1 . The value of this strain-hardening K 1 is obtained when: 
s = 
∣
∣s sim 1 − s exp 1 
∣
∣ ≤ α at d 1 (4)
Knowing K 1 is not enough at that point because we are essentially
interested in the pair ( σ 1 , ɛ p , 1 ). ɛ p , 1 is actually deduced from the
FE model by calculating the average true plastic equivalent strain
ε¯ sim 
p, 1 
in the volume of the extended gage length at the simulated
displacement d 1 as: 







= ε p, 1 (5)
where ε j 
p, 1 




and V is the total volume of the extended gage length.
The corresponding true stress σ sim 
1 
is simply derived by using the
slope K 1 and a linear equation: 
σ¯ sim 1 = σ sim 0 + K 1 ¯ε sim p, 1 = σ1 (6)
This procedure can be repeated for all subsequent increments d i 
up to the ultimate tensile strength (UTS). 
Region III: Beyond UTS, the specimen starts to neck and the
deformation becomes localized in a rather small volume. In this
region, the procedure to reconstruct the pair of true stress-strain
data at the i th increment is practically the same as in the region II.
The slope K i is also determined when the criterion | s sim i − s exp i | ≤ α
is fulﬁlled for a given d inc . However, the main difference with re-
spect to region II is that the determination of the average true
plastic equivalent strain ε¯ sim 
p,i 
at the increment i , is calculated by
considering only the elements whose plastic equivalent strain ex-
ceeds that of the previous increment i − 1 . In other words, one
considers only the region of the specimen that contributes to de-
formation. Those elements are then used to derive the average
plastic equivalent strain ε¯ sim 
p,i 
and true stress σ¯ sim 
i 
as 









= ε p,i (7)













is the volume of the element j which satisfy ε p,i >
ε p, (i −1) and σ j is the true stress in the element. Due to the factPlease cite this article as: S. Knitel et al., An inverse method based on
non-standard tensile specimens of Eurofer97 steel, Nuclear Materials ahat the slope of the ﬂow curve does not change signiﬁcantly, d inc 
an be increased within this region. The procedure is repeated up
o failure of the specimen. It is pointed out that the Eqs. (7 ) and (8 )
re basically the same as Eqs. (5 ) and (6) . In Eqs. (5) and (6) , it is
mplicitly considered that deformation occurs and increases within
ll elements of the extended gage, while when necking develops,
t is necessary to check which elements undergo deformation. 
The implementation of the method consists of the ﬁ-
ite element code ABAQUS to calculate the stress/strain and
orce/displacement ﬁelds in the specimen, and of the numerical
omputing environments MATLAB and Fortran. The MATLAB pro-
ram is the main controlling program that assures the interface
etween ABAQUS and Fortran routines, which calculate the aver-
ge stress and strain within the DTS extended gage length. 
The ﬁnal output of the inverse program yields the propor-
ional limit σ 0 and the pairs of true stress/plastic strain in tabu-
ar form. We emphasize here that σ 0 corresponds to the propor-
ional limit and is not the standard 0.2% offset yield strength. It is
ell known that the elastic-plastic transition of martensitic steels
s very smooth and gradual so that there is a relatively large differ-
nce between the proportional limit and yield strength, of the or-
er of 100–150 MPa at room temperature. Therefore, it is important
o develop an inverse method that permits to catch the details of
he elastic-plastic transition. Indeed, the inverse method will be ul-
imately applied on irradiated specimens that tend to show a more
brupt transition. A good understanding of the irradiation-induced
hanges of the plastic behavior and of the onset of the plastic
ow demands a careful examination of the elastic-plastic transi-
ion, which ultimately plays a role in other mechanical properties.
ore technically, if the determination of the gradual nature of the
ransition is overlooked by associating a yield strength value to σ 0 
hen it becomes diﬃcult to properly reconstruct the experimental
oad-displacement curve. Note that d inc also affects the quality of
ow curve. The larger d inc , the fewer data points of the ﬂow curve
re obtained resulting in a coarse determination of the ﬂow be-
avior. However, to keep the computational time reasonable while
ssuring a precise simulation, d inc was chosen equal to 0.001 mm. 
. Experimental and simulation results 
Tests with DTS were performed at room temperature up to fail-
re and the tensile curves in engineering units are presented in
ig. 5 along with the picture of the tested specimens, which all
ailed in the middle of the gage length. The results show a very
ood reproducibility, indicating that the developed gripping sys-
em was adequate. As expected, the main difference between the ﬁnite element model to derive the plastic ﬂow properties from 
nd Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.06.017 
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t  ensile behavior between the DTS and the standard ones resides in
he development of the neck. It is however clear that the engineer-
ng strain at failure of the standard specimens is much lower than
hat for the DTS. The engineering strain at failure of the standard
pecimen is around 20%, in good agreement with published data
10] , while it is slightly over 35% for the DTS. This observation is
ctually expected as it is well known that the total elongation is
ot a material property but depends on the specimen geometry:
he shorter the specimen gage length the larger the relative con-
ribution of the necking region to the total elongation [11] . 
The curves were further analyzed with the inverse method pro-
osed in this study. Only four initial values have to be given to
tart the algorithm: the Young’s modulus E , the proportional limit
0 , the displacement increment d inc and the maximum allow-
ble error α. For the initial input values of these parameters the
ollowing values were chosen: d inc = 0.001 mm, E = 200 ′ 000 MPa,
0 = 380 MPa and α = 1.5. With these initial parameters, it takes
bout 9 hours for the program to reconstruct an entire deformation
urve of a tensile test. The ﬁtted value of the Young’s modulus was
ound to be equal 197 ′ 187 MPa. This is somewhat lower than the
xpected value of the Young’s modulus value of the 9Cr tempered
artensitic steel [9] , which lies around 210 ′ 0 0 0 MPa when mea-
ured by ultrasonic wave propagation. The lower Young’s modulus
etermined from the tensile test is likely to arise from an elastic
ffects and occurrence of micro-plasticity at load below σ 0 . One
xample of DTS engineering stress/strain curve reconstruction is
resented in Fig. 6 , where in total 44 pairs of ( σ i , ɛ p, i ) were deter-
ined. In Fig. 6 , one can see that already at low engineering strain
evel, the deformation in the specimen is quite inhomogeneous. 
It can be seen that the discrepancy between the experimental
nd simulation determined values is very small. Furthermore, one
an see in Fig. 6 (b)) that the calculated shape of the gage length is
n excellent agreement with the experimental at failure. The cor-
esponding true stress-strain data, which again constitute the out-
ut of the inverse method, are shown in Fig. 7 as red dots. The
argest difference, in the range of 0–5% of plastic strain, is around
.05% plastic strain and is about 9 MPa, which represents not more
han 1.6% of the experimental value. At 5% of plastic strain, UTS is
eached and beyond ﬂow properties were obtained by the proce-
ure deﬁned for the region III. In average about 3.1 iteration per
air of ( σ i , ɛ p, i ) were necessary. One emphasizes that with the in-
a  
Please cite this article as: S. Knitel et al., An inverse method based on
non-standard tensile specimens of Eurofer97 steel, Nuclear Materials aerse method, the constitute behavior is determined up to large
eformation, typical 100% that corresponds to the strain level at-
ained in the neck region. As a matter of fact, the inverse method
s also powerful and useful technique to derive the plastic ﬂow
t large strain of standard tensile specimens, typically for strains
arger than that at necking onset. Furthermore, it is even an avoid-
ble approach to determine the plastic behavior from tensile tests
f irradiated tempered martensitic steels. Indeed, the reduction of
niform elongation induced by neutron irradiation is so drastic
hat the uniform elongation drops down to less than 1%, even for
elatively low neutron doses [12] . However, for any stress analy-
is where plastic deformation occurs, for example in the determi-
ation of the near-crack stress ﬁeld of a component, one has to
now the true stress-strain curve over a plastic strain range of 10
o 20%, which corresponds to the plastic strain in the crack tip pro-
ess zone. In the case of irradiated tempered martensitic steel, this
etermination can be achieved only by using an indirect method.
his approach was already successfully applied by Yamamoto et al.
n F82H steel to assess the constraint loss effects in fracture in
elation to the strain-hardening capacity of the material [13] . For
he sake of comparison, we also plot in Fig. 7 the true stress/strain
urve obtained by the inverse method on the standard specimen.
he inverse method is clearly consistent, namely yielding the same
= σ ( ε p ) curve for two tensile specimen geometries that exhibit
ery different necking behavior. 
. Conclusions 
An inverse approach to determine the ﬂow properties of non-
tandard disk tensile specimens, used for spallation neutron irradi-
tion at SINQ, was developed. The described approach uses exper-
mental tensile test data, namely the load-displacement curve, and
 numerical ﬁnite element model to iteratively identify the mate-
ial constitutive parameters. The Young’s modulus, the proportional
imit and the strain-hardening are calculated by matching the nu-
erical load-displacement curve to the experimental one. The re-
onstruction of the load-displacement curve is performed by small
inear segments, which avoids making any assumptions on the an-
lytical expression of the strain-hardening of the investigated ma-
erials. Hence, the method is quite general. In principle, it can be
pplied for any isotropic materials with different strain-hardening ﬁnite element model to derive the plastic ﬂow properties from 
nd Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.06.017 
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Fig. 6. (a) Experimental and simulated engineering stress/strain curve of DTS, (b) Measured and calculated specimen neck shape at failure displacement. 





















[behaviors. The method was validated by comparing results of the
DTS specimens deduced from the inverse technique with tests car-
ried out on standard specimens of Eurofer97 steel. In particular, it
was shown that the constitutive behavior can be obtained up to
large strain by analyzing the deformation in the neck region. The
potential of the inverse method to infer the plastic properties of
irradiated tempered martensitic steel with disk tensile specimens
that suffer from premature necking was outlined. 
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